Stripe rust resistance is a critical need for wheat cultivars in the US Pacific Northwest (PNW). Our previous genomewide association study (GWAS) for stripe rust resistance in a set of PNW winter wheat accessions (Panel-2) identified multiple marker-trait associations (MTAs) for both allstage and field resistance. In this study, we conducted additional GWAS using a different set of PNW winter wheat accessions (Panel-1) that contained recently bred soft white winter wheat breeding lines and cultivars. A total of 12 all-stage resistance MTAs and eight field resistance MTAs were identified. Within these MTAs, nine MTAs for all-stage resistance and two MTAs for field resistance were located distinctly from previously characterized genes and likely represent novel loci. Markers IWB60567 (1B), IWB24342 (2A), and IWB46564 (2B) explained the largest phenotypic variances for disease responses. The analysis confirmed that MTAs on chromosome 1B were indeed the same as Qyr.wpg-1B.2 identified in Panel-2 and that MTAs on chromosome 2A were likely Yr17 and closely linked to another field resistance QTL, Qyr.wpg-2A.2 (Panel-2). Haplotypes for MTAs on chromosome 1B, Yr17, and linked loci on chromosome 2A provide useful information for marker development and introgression of these QTL into wheat breeding programs.
S tripe rust, caused by Puccinia striiformis f. sp. tritici (Pst), is a globally devastating wheat (Triticum aestivum L.) disease that reduces grain yield and quality. This disease was first described by Gadd in Europe (Eriksson and Henning, 1896) and has been one of the dominant diseases of wheat in East Asia, South Asia, Oceania, East Africa, and the US (Wellings, 2011) . In the US, stripe rust epidemics have been observed since 1957 and severe epidemics have been further enhanced by emergence of new Pst strains after 2000 (Chen et al., 2002; Chen, 2005) . The post-2000 group of Pst races has broad-spectrum virulence and increased aggressiveness and adaptation in warmer environments (Markell and Milus, 2008; Milus et al., 2009; Chen et al., 2010) . In the US PNW, new races have been identified every year and race compositions are more diverse than any other region of the U.S. (Chen et al., 2010; Chen, 2012, 2014; Wan et al., 2017) . Historically, PNW wheat breeders have incorporated multiple resistance genes for all-stage resistance and adult-plant resistance (APR) to develop more durable rust resistant wheat cultivars. Recently, we confirmed this practice in a GWAS using a PNW winter wheat panel representing historical and current PNW wheat cultivars and breeding lines which we named Panel-2 in this paper (Naruoka et al. 2015) . We identified 21 quantitative trait loci (QTL) associated with all-stage and/or field resistance, in addition to Yr17. Within these QTL, all-stage resistance QTL, Qyr.wpg-1B.2 on chromosome 1B and Qyr.wpg-1D.1 on chromosome 1D, were significantly associated with infection type (IT) against multiple races. Field resistance QTL located on chromosome 2A and 2B were repeatedly identified from multiple environments.
The GWAS has been used to elucidate the genetic architecture of various traits in wheat, including resistance to stripe rust (Jighly et al., 2015; Maccaferri et al., 2015; Naruoka et al., 2015; Bulli et al., 2016; Liu et al., 2017a Liu et al., , 2017b Liu et al., , 2017c and has been successfully used for QTL identification with high resolution. However, a major downside of GWAS is the high rate of false positive marker-trait associations (MTAs), which can be due to relatedness and germplasm selection patterns, although mixed linear models (MLM) can limit spurious associations (Korte and Farlow 2013, Larsson et al., 2013) . Therefore, prior to fine mapping and diagnostic marker development, conducting validation studies such as biparental linkage mapping is critical for QTL identified by GWAS. Integrating these methods provides a robust method of detection, validation and further dissection of QTL. For those validated QTL, markers can be converted to "breeder-friendly" markers, enabling breeders and researchers to readily manipulate these loci. Identified markers for major QTL would greatly facilitate markerassisted selection (MAS) and potentially improve prediction accuracy of genomic selection in wheat breeding programs (Bernardo, 2014 , Rutkoski et al., 2014 .
In this study, 465 PNW soft white winter wheat accessions, including advanced-generation breeding lines and cultivars (Panel-1), were assembled for GWAS to further explore stripe rust resistance loci in PNW winter wheat germplasm. The objectives of this research were to: (1) identify stripe rust resistance loci commonly used in PNW breeding programs, and (2) validate the QTL explaining the largest phenotypic variances through comparison to another panel, Panel-2, and through combined analysis of both panels with linkage disequilibrium (LD) within each QTL region and through QTL mapping using two bi-parental populations.
Materials and Methods

Plant Materials
In total, 465 advanced-generation breeding lines and cultivars of PNW-adapted soft white winter wheat were collected from winter wheat breeding programs operated by Washington State University (WSU), USDA-ARS, University of Idaho (UI), and Oregon State University (OSU). These soft white winter wheat accessions, referred to as Panel-1, belonged to two wheat market subclasses, club wheat (Triticum aestivum ssp. compactum) and common wheat with lax spikes (Triticum aestivum ssp. aestivum), and accounted for 37 and 63% of the accessions, respectively (Froese and Carter, 2016) .
Another wheat panel consisting of 402 lines, designated Panel-2 was used to compare LD for significant QTL associated with chromosome 1B. The GWAS of Panel-2 was reported in Naruoka et al., (2015) . Panel-2 consisted of a wide range of historical and newer winter wheat cultivars and breeding lines in four different market classes-soft white, hard white, soft red, and hard red. In contrast, Panel-1 consisted of relatively recent breeding lines and cultivars exclusively from soft white winter wheat. Additionally, to further dissect the QTL located on chromosome 1B identified in Panel-1, we used the Coda/Brundage recombinant inbred line (RIL) population. This population was developed from a cross between a stripe rust resistant parent, Coda, and a moderately susceptible parent, Brundage. Details of the development and previous mapping study for stripe rust resistance are described in Case et al. (2014) .
Another bi-parental mapping population used for validating MTAs on chromosome 2A consisted of 136 doubled haploid (DH) lines derived from Bitterroot × WA8115. Bitterroot and WA8115 were selected from Panel-1 because Bitterroot carries the resistance alleles for MTAs on chromosome 2A, whereas WA8115 does not. Bitterroot (pedigree DH31/4/Lewjain/3/RDL/ SU92//KAL/BB) is a semi-dwarf, soft white winter wheat cultivar adapted to both irrigated and rainfed production systems in the PNW and northern Idaho. WA8115 is an advanced-generation breeding line developed by WSU.
Field Evaluation for Disease Reaction
Panel-1 was evaluated for stripe rust reaction in 10 yrlocation environments across the state of Washington. These year-locations included the WSU Spillman Agronomy Farm in eastern WA (Pullman) from 2013 to 2015, the USDA-ARS/WSU Central Ferry Agronomy Farm in central WA (Central Ferry) from 2013 to 2016, and the WSU Northwestern Washington Research and Extension Center in western WA (Mount Vernon) from 2013 to 2015. Hereafter, each environment will be referred to as pul-13, pul-14, pul-15, cf-13, cf-14, cf-15, cf-16, mv-13, mv-14, and mv-15 . The DH population Bitterroot × WA8115 was evaluated in four year-location environments, which were pul-14, cf-14, pul-15, and cf-15. In Pullman and Central Ferry, seeds were field-sown in the fall as single rows and maintained according to conventional commercial winter wheat production practices of each region. In Mount Vernon, 5 g of seeds were hand sown into hill plots and spaced 30 cm apart. All trials were planted as the non-replicated augmented block design, with the susceptible check WA7821 included every 36 plots in Pullman and Central Ferry and every 10 plots in Mount Vernon. WA7821 was planted evenly around the plots as an inoculum spreader to increase uniformity of infection. Only 249 lines from Panel-1 were evaluated in mv-13 due to lack of seeds for the other 216 lines.
Evaluation was conducted under naturally occurring stripe rust infection except experiments at pul-15 and cf-15. For these two environments, we used a mixture of races collected from the field in the previous year to inoculate WA7821 spreader rows. Stripe rust reactions were rated using two methods, IT based on the 0 to 9 scale for signs and symptoms (Line and Qayoum, 1992) and disease severity (DS) based on the modified Cobb scale (0-100) for the percentage of leaf area in the infected row (Peterson et al., 1948) . The IT and DS methods for Panel-1 and the mapping populations were the same methods used for Panel-2 in Naruoka et al. (2015) . The predominant field races of stripe rust and virulence on Yr genes in eastern WA from 2013 to 2016 were PSTv-52, PSTv-37, PSTv-11 and PSTv-14 (Dr. Xianming Chen, personal communication, 2017) Table 1 ).
Greenhouse Evaluation for Disease Reaction at Seedling Stage
Race specificity at the seedling stage was tested by inoculating seedlings of Panel-1 with stripe rust races PST-100, Table 1 ). We chose these races for testing because they allowed direct comparison with the previous studies of Naruoka et al. (2015) and Case et al. (2014) . The PSTv-51 is a rare race identified only in 2011 and virulent to all stripe rust differentials except Avocet S (AvS) Yr5 near isogenic line (NIL) and AvS Yr15 NIL (Wan et al., 2017) . The PST-100 is equivalent to PSTv-37, which has been the nation-wide predominant race since 2010. PST-114 is equivalent to PSTv-40, which became predominant race in the PNW during 2006 to 2009. PSTv-11, previously identified as PST-127, was the predominant race in the PNW from 2011 to 2013 (Wan et al., 2017) . Seedling tests for Panel-1 were performed with each race as described by Naruoka et al. (2015) and Case et al. (2014) . The IT of inoculated plants was rated at 18 to 20 d after inoculation using the 0 to 9 scale (Line and Qayoum, 1992) .
Genotyping
Genomic DNA was extracted using the same methods as Naruoka et al. (2015) . The DNA samples for Panel-1 and the mapping populations were genotyped at the USDA-ARS Biosciences Research Lab in Fargo, ND, with the Illumina Infinium iSelect 90K single nucleotide polymorphism (SNP) array for wheat containing 81,587 SNPs. The Illumina BeadStation and iScan instruments were used according to the manufacturer's protocols. The SNP allele clustering and genotype calling were performed with GenomeStudio v2011.1 software (Illumina, San Diego, CA). Initially, we used the default clustering algorithm to classify each SNP call into three allele clusters. Then, we performed manual data correction to increase genotyping accuracy. These SNPs were annotated as described in Wang et al. (2014) and only codominant SNPs were used for analysis. The wheat consensus SNP map developed by Wang et al. (2014) was used to determine chromosome location of each SNP.
In addition to SNP markers aforementioned, Ventriup-LN2 for Yr17 was used to genotype Panel-1 and the Bitterroot × WA8115 mapping population (Helguera et al., 2003) . Polymerase chain reaction (PCR) amplifications for this marker were performed with optimum annealing temperature, referring to the marker information in MASWheat (http://maswheat.ucdavis.edu/protocols/Lr37/index.htm). The PCR products were detected using the ABI 3130xl (Applied Biosystems, Grand Island, NY). The Yr17-linked 262-bp allele, identified using Gene Marker V1.5 (Soft genetics, College Park, PA), was used to identify the presence of Yr17.
Statistical Analysis and Marker-Trait Association
We used the UNIVARIATE procedure in SAS version 9.2 (SAS Institute, Cary, NC) to calculate basic statistics for Panel-1 IT and DS traits, including means, medians, standard deviations, and minimum and maximum values. Box-Cox transformation (Box and Cox, 1964) was applied before further field data analyses to avoid nonnormal residuals. Pearson's correlation coefficients of pairwise environments were computed by JMP Genomics 6.0 (SAS Institute, Cary, NC). A best linear unbiased prediction (BLUP) value across the 10 environments was estimated for each accession using the lme4 package in R (Wen et al., 2014) with all factors random. The broadsense heritability (H 2 ) for IT and DS across environments was computed using the following formula: H 2 = σ G 2 / σ P 2 , where σ G 2 is the genotypic variance and σ P 2 is the phenotypic variance, calculated on a line mean basis. These variance components were calculated using analysis of variance for a mixed model in R (Wen et al., 2014) .
The GWAS analysis was conducted using the R package, Genome Association and Prediction Integrated Tool (GAPIT) (Lipka et al., 2012) . A total of 16,455 SNPs were used after removing Panel-1 markers with heterozygous genotypes, more than 20% missing genotypes, identical genotype calls, and a minor allele frequency under 0.05. A MLM was used to determine MTAs. Population structure was accounted for using both the first three principle components (PCs) and kinship matrix (K) (Yu et al., 2005) . The first three PCs were calculated by GAPIT and used as fixed effects for the analysis based on examination of the scree plot for eigenvalues and corresponding PC (Supplemental Figure 1 ) (Price et al., 2006) . The K matrix was obtained with the VanRaden algorithm implemented in GAPIT and included in the MLM as a random effect. The adjusted false discovery rate (FDR) P-value of 0.1 was used to correct the marker-wise tests.
LD Analysis
To estimate boundaries of potential QTL (Berger et al., 2013; Locatelli et al., 2013; Letta et al., 2013) , we calculated LD (r 2 ) among significantly associated markers using Haploview v.4.2 (Barrett et al., 2005) . QTL boundaries were defined with LD r 2 ≥ 0.2, chromosome location (cM), and the marker-trait information among these significant tagging markers. Within each QTL, the marker that has the strongest association with stripe rust response was selected as the QTL tagging marker (Letta et al., 2013) . We used the following factors to determine association strength: 1) phenotypic variance explained by the marker, 2) allele effect, 3) marker-wise P-value, 4) number of environments in which marker exhibited significant associations, and 5) genome specificity of the marker in the 90K consensus map .
Linkage Map Construction and QTL Mapping Analysis
Linkage groups for the bi-parental mapping populations were generated using MapDisto v.1.7.5 software (Lorieux, 2012) . Logarithm of odds (LOD) values ranged from 4.0 to 8.0 and genetic distance was calculated in cM units using the Kosambi mapping function (Kosambi, 1943) . The linkage map for chromosome 1B was developed from 207 lines in the Coda × Brundage mapping population. This linkage map was generated with previously mapped markers, including the 9K SNP (IWA), Diversity Arrays Technology (DArT), simple sequence repeat (SSR), and 90K SNP (IWB) markers. The linkage map for chromosome 2A in the Bitterroot x WA8115 population was generated with the 90K SNP and marker Ventriup-LN2 for Yr17 (Helguera et al., 2003) using 136 DH lines.
QTL mapping was performed by WinQTLCart v.2.5 using composite interval mapping as described by Case et al. (2014) . We used the following settings for QTL mapping analysis: forward and backward stepwise regressions, window size of 10 cM, five control markers, probability in and out of 0.1, and walk speed of 1.0 cM. The permutation test with 1,000 permutations and 0.05 significance level was used to calculate the significant LOD threshold values for IT and DS. The mean IT and DS collected from previous studies under field conditions at the adult-plant stage (Case et al., 2014) and IT against PST-100, PST-114, and PSTv-11 in greenhouse seedling tests were used for detecting QTL in Coda × Brundage population on chromosome 1B. The IT and DS collected in field environments pul-14, pul-15, cf-14, and cf-15 at the adult stage were used for detecting QTL in the Bitterroot × WA8115 population on chromosome 2A.
Results
Population Structure
Principle component analysis was performed using the 465 PNW winter wheat accessions in Panel-1. Eigenvalues in the scree plot (Supplemental Figure 1a ) showed a sharp drop for the first three PCs. Variances captured by the first three PCs (12.4, 8.8, and 4 .7%, respectively) added up to 29.6% of the total variance. The first three PCs clearly separated club wheat accessions collected from the USDA-ARS breeding program from common soft white wheat accessions collected mainly from the WSU, UI, OSU, and USDA-ARS breeding programs (Supplemental Figure 1b ).
Stripe Rust Responses in Field
Under field evaluations, stripe rust epidemics occurred in all 10 environments. The susceptible check, WA7821, was rated with IT values from 8 to 9 and DS scores from 80 to 100% in each environment. Unlike seedling tests, stripe rust response under field conditions had a normal to skewed distribution toward low IT and DS ( Fig. 1 and 2) . The IT and DS means within environments ranged from 2.9 to 4.9 and 9.4 to 48.0%, respectively; medians within environments ranged from 3 to 5 and 5.0 to 50.0%, respectively. Cf-14 had the most skewed distributions for both IT and DS due to a relatively late start to the stripe rust epidemic in that environment. Broad-sense heritability was 0.87 for IT and 0.89 for DS across the 10 environments. We observed significant correlations (P < 0.0001) between IT and DS among environments, with correlation coefficients ranging from 0.30 to 0.73 for IT and 0.29 to 0.85 for DS (Table 1) . Correlation coefficients for IT and DS between mv-15 and other environments were relatively lower, ranging from 0.30 to 0.55 for IT and 0.29 to 0.62 for DS (Table 1) .
Club wheat accessions at the adult stage showed more resistant disease responses than common wheat accessions under all field environments. Significantly smaller means (P < 0.0001) of BLUP values were observed in club wheat compared to common wheat, with 3.3 and 19.0% for IT and DS in club wheat, respectively, compared to 4.2 and 33.6% for common wheat. In addition, the 25 accessions that showed resistance to all four Pst races at the seedling stage (see below) were consistently resistant across all field environments at the adult stage (Supplemental Table 2 ).
Seedling Responses to Stripe Rust
Panel-1 exhibited a skewed distribution toward high IT values against PST-100 and PST-114. In contrast, Panel-1 exhibited a bimodal distribution for IT, a resistant reaction (IT: 1, 2, and 3) and a susceptible reaction (IT: 7, 8, and 9), against PSTv-11 and PSTv-51 ( Fig. 1) . The frequencies of resistant reaction were 21.6, 22.9, 21.6, and 25.2% against PST-100, PST-114, PSTv-11, and PSTv-51, respectively. Frequencies of intermediate reaction were 20.1, 9.6, 7.3, and 3.9% against PST-100, PST-114, PSTv-11, and PSTv-51, respectively. As above for the field ratings, club wheat accessions showed significantly (P < 0.0001) higher levels of resistance than common soft white winter wheat accessions against all tested Pst races. For PST-100, PST-114, PSTv-11, and PSTv-51, the mean ITs of club wheat were 4.3, 5.3, 4.3, and 3.9, respectively, whereas the mean ITs of common wheat were 7.1, 7.1, 8.5, and 8.3. A total of 23 club wheat and two common wheat accessions collected from the USDA-ARS program were resistant to all four Pst races in seedling tests (Supplemental Table 2 ).
Race-Specific All-Stage Resistance in Panel-1
Association mapping was performed using MLM with PC3 and K as covariates for race-specific seedling responses tested with PST-100, PST-114, PSTv-11, and PSTv-51 on Panel-1. No significant MTAs were found for disease responses against PST-114. A total of 12 MTAs were identified on chromosomes 1A, 1B, 1D, 3D, 4A, 5A, 5B, 6B, and 7B (Table 2 and Supplemental Table 3 ). MTA IWB70554 and IWB60567 were significantly associated with disease response against multiple Pst races. In contrast, the remaining MTAs each showed significant associations with disease responses against only one race (Table 2 ).
An MTA, tagged by marker IWB60567, was located on the short arm of chromosome 1B at 62.6 cM. An additional 26 SNP markers between 9.7 and 62.6 cM were also significantly associated with resistance on this chromosome. These markers were in strong LD, with an average pairwise LD r 2 of 0.85, and showed significant associations with IT against PST-100, PSTv-11 and PSTv-51. Phenotypic variances of this MTA were 4.98, 3.71, and 4.27% for PST-100, PSTv-11, and PSTv-51, respectively. Marker IWB60567 explained the largest phenotypic variance for disease response against all three races. A second MTA, tagged by IWB71530, was also identified on chromosome 1B and was 15.8 cM away from IWB60567. Unlike IWB60567, IWB71530 was significantly associated with IT against only PSTv-11 and accounted for 2.27% of phenotypic variance. A low level of LD (average LD r 2 = 0.13) was observed between markers associated with these two MTA, supporting the distinction between them.
Field Stripe Rust Resistance in Panel-1
We applied the same statistical model to conduct GWAS analyses in Panel-1 of IT and DS at the adult stage in the 10 individual environments. We also used the same model for the BLUPs of IT and DS across these environments. Nine MTAs located on chromosomes 1B, 2A, 2B, 2D, 3A, 3B, 4B, and 5A were significantly associated with either or both IT and DS from more than three environments. Marker IWB60567, associated with IT against PST-100, PSTv-11, and PSTv-51, was also associated with IT and DS under field conditions. This MTA accounted for 1.83 to 5.03% of the phenotypic variance across five environments. Therefore, IWB60567 might be associated with a major QTL conditioning seedling resistance that remains effective under field conditions at the adult stage in PNW soft white winter wheat germplasm. The other eight MTAs were detected only in field tests and therefore regarded as field resistance loci (Table 3 and Supplemental Table 3 ). Markers IWB24342, IWB46564, IWB41670, and IWB11855 showed consistent associations with both IT and DS in this panel, whereas the remaining MTAs were significantly associated with only DS in multiple environments (Table 3) . The phenotypic variance explained by individual field MTAs ranged from 1.44 to 4.21%. The cumulative phenotypic variance explained by the eight MTAs was 27.51% for IT and 41.05% for DS across all environments.
Among the eight MTAs, IWB24342 and IWB46564 had a large number of SNPs in high LD (average LD r 2 = 0.76 and 0.88, respectively) which spanned more than 40 cM, based on the wheat consensus map . Marker IWB24342 was consistently associated with IT in . This MTA is located at 28.1 cM on chromosome 2A, and had 61 significant SNPs in high LD. The phenotypic variance explained by IWB24342 ranged from 2.84 to 4.21% for IT and 2.01 to 3.66% for DS among seven environments. Ventriup-LN2 for stripe rust resistance gene Yr17 was profiled in Panel-1 and showed significant associations with DS in environments mv-13 and mv-15. The average LD r 2 between the 61 SNPs on chromosome 2A and Ventriup-LN2 was 0.33 in Panel-1. The IWB46564, located at 19.2 cM on chromosome 2B, was significantly associated with both IT and DS and explained 2.24 to 3.46% of the phenotypic variance for IT and 2.01 to 3.74% for DS. Seventeen additional SNP markers were also associated with IWB46564, located between 9.2 and 56.3 cM on chromosome 2B.
Validation of MTA on Chromosome 1B in the Refined Coda/Brundage RIL Population
The markers significantly associated with resistance on chromosome 1B in Panel-1 overlapped with Qyr.wpg-1B.1
and Qyr.wpg-1B.2 in Panel-2, with SNPs in high LD, on the short arm of chromosome 1B based on the consensus map (Fig. 3a and 3b ). Because these resistance MTAs were previously reported in the same location on chromosome 1B in the Coda/Brundage RIL population (Case et al. 2014) , we used this population to validate and dissect this region.
The Coda/Brundage RIL population was profiled by the Illumina 90K SNP array and an additional 14 polymorphic 90K SNP markers on chromosome 1B were added to the linkage map. Together, with previously mapped markers from the Illumina 9K SNP, DArT, and SSR markers, 79 polymorphic markers were assembled into the linkage group of chromosome 1B, with a length of 213.5 cM. Composite interval mapping identified a large genetic interval spanning from barc032 to IWB44529, with a length of 58.9 cM in the linkage Whiskers show the largest and smallest data within 1.5 times the interquartile range. Each environment was referred to as pul-13, pul-14 and pul-15 for trials at Pullman from the year 2013 to 2015; cf-13, cf-14, cf-15 and cf-16 for trials at Central Ferry from the year 2013 to 2016; and mv-13, mv-14 and mv-15 for trials at Mt Vernon from the year 2013 to 2015, respectively. map ( Fig. 3c and 3d ). The QTL mapping and haplotype analysis determined four potential QTL, designated QYr-1, QYr-2, QYr-3, and QYr-4, that were closely linked in this large interval from barc032 to IWB44529 (Fig. 3c, 3e , and Supplemental Table 4 ). The region on chromosome 1B identified in Panel-1 precisely overlapped with QYr-2, anchored by the common SNP marker IWB46413, and QYr-4, anchored by the common SNP markers IWB5995 and IWB34715. Qyr.wpg-1B.1 and Qyr.wpg-1B.2 in Panel-2 also mapped onto the 58.9-cM interval, using the refined Coda/Brundage linkage map ( Fig. 3b and 3c) . Qyr.wpg-1B.1 overlapped with QYr-2 based on the common SNP markers IWA7331, IWA5301, and IWA1957. Qyr.wpg-1B.2 was associated with QYr-2 based on the common SNP marker IWA63. All of the listed linked markers were significantly associated with the maximum LOD peak for either of the following: 1) the averaged IT/ DS at the adult stage evaluated across nine environments, or 2) Pst races PST-100, PST-114, and PSTv-11 at the seedling stage in the Coda/Brundage RIL population.
We also investigated the relationship between MTAs on chromosome 1B (Panel-1) and Qyr.wpg-1B.1 and Qyr. wpg-1B.2 (Panel-2). Significant SNP markers in these 1B QTL were in high LD in both the GWAS Panel-1 (r 2 = 0.62) and the refined Coda/Brundage linkage mapping population (r 2 = 0.75).
Validation of MTA on Chromosome 2A in a DH Population Derived from Bitterroot × WA8115
QTL identified in Panel-2, QYr.wpg-2A.3 and QYr.wpg-2A.4, overlapped with the MTA region on chromosome 2A in Panel-1 based on the 9K and 90K wheat SNP consensus map . Similar to the validation and characterization done on chromosome 1B, we developed a DH population of 136 lines using PNW soft white winter wheat Bitterroot and WA8115 as parents. The DH population was genotyped using the 90K SNP array and Ventriup-LN2 for stripe rust resistance gene Yr17. A total of 259 polymorphic markers were mapped on chromosome 2A ( Supplemental Table 5 ). Composite interval mapping identified a QTL on chromosome 2A that had 61 common SNPs with this chromosome 2A region (Panel-1) ( Supplemental Table 5 ), and two common SNPs (IWA8427 and IWA8091) with Qyr.wpg-2A.2 (Panel-2) (Fig. 4) . This 2A QTL in the DH population was significantly associated with IT and DS in pul-14, cf-14, pul-15, and cf-15 and explained 41.8 to 75.8% of the phenotypic variance among field environments. This QTL was flanked by SNP markers IWB21897 and IWB41233, with a genetic distance of 35.5 cM, and peaked at marker Ventriup-LN2, with a LOD value of 57.2. The 61 significant SNP markers of this chromosome 2A region of Panel-1, IWA8427 and IWA8091 of Qyr.wpg-2A.2 (Panel-2), and Ventriup-LN2 for Yr17 were in high LD (r 2 = 0.90) in the DH population. These results indicate that the significant chromosome 2A region in Panel-1 clearly contained Yr17.
In Panel-1, however, Ventriup-LN2 was in a relatively low level of LD with the 61 significantly associated SNP markers on chromosome 2A, indicated by a range of LD r 2 from 0.24 to 0.50. Similarly, in Panel-2, Ventriup-LN2 for Yr17 was also significantly associated with field resistance, but not in the same LD block with IWA8427 and IWA8091 of Qyr.wpg-2A.2 (Fig. 4b) . These results suggest that the chromosome 2A region found in Panel-1 contains another QTL linked to Yr17.
Resistance-Associated Allele Frequency for MTA Identified in Panel-1
We explored the resistance-associated allele frequency for each MTA identified in Panel-1 within the entire population and each subclass of wheat (Table 4 ). In the entire population, IWB602, IWB71444, IWB78861, and IWB22128 had higher favorable allele frequencies (> 0.75) than the other MTAs. In contrast, IWB60567 and IWB10587 had lower favorable allele frequencies, which were less than 0.10. A balanced favorable allele frequency for Yr17 was found in the entire panel.
Compared with the common wheat subgroup, the club wheat subgroup possessed higher resistance allele frequencies for all MTA identified in Panel-1. Genetic architecture of stripe rust resistance was investigated in the 25 resistant accessions collected from the USDA-ARS breeding program, which included 23 club and two common wheat accessions ( Supplemental Table S2 and Supplemental Figure 2 ). Resistance alleles for IWB70554, IWB60567, IWB45181, IWB602, and IWB71444 were nearly fixed in the 25 accessions. On the other hand, IWB71530, IWB24173, and IWB30952 had relatively lower resistance allele frequencies.
Haplotypes and Their Effects on Stripe Rust Response for Chromosome 1B
Haplotypes were constructed using 12 significant SNP markers for stripe rust resistance on chromosome 1B in Panel-1 (Table 5 ). The top five most frequent haplotypes accounted for 81.4% of accessions. The most frequent haplotype (haplotype 1) had a frequency of 33.8%. Compared with population means, haplotype 1 exhibited a 
Discussion
Stripe rust is the most destructive disease in PNW winter and spring wheat production systems, reducing both yield and quality (Chen et al., 2002; Line, 2002; Chen, 2014) . The PNW wheat breeding programs have made continuous efforts to improve stripe rust resistance levels and durability in local wheat cultivars since the early 1960s, resulting in remarkable achievements (Allan and Vogel, 1961; Line and Chen, 1995; Chen, 2014 ). In the current study, accessions in a large diversity panel of PNW soft white winter wheat exhibited moderate to high levels of resistance under field conditions. Club wheat accessions bred by the USDA-ARS breeding program tended to be more resistant than common wheat accessions. The high level of resistance in club wheat can be attributed to the extensive deployment of stripe rust resistance donors in the USDA-APR breeding program. When we explored the pedigrees of these 25 advanced breeding lines showing high levels of resistance at both seedling and adult stages, resistant cultivars including Tyee, Tres, Madsen, Coda, or Chukar Campbell et al., 2005; Case et al., 2014) were widely found. Madsen is the source of Yr17 in most PNW breeding programs. Because significant Pst pressure occurs almost annually in the PNW, wheat breeders have conducted long-term selection for resistance. Favorable alleles of IWB70554, IWB60567, IWB45181, IWB602, and IWB71444, identified in Panel-1, have been selected to 01-3.66 mv-14, pul-15, cf-15 pul-13, cf-13, pul-14, cf-14, cf-15, cf-16 Yr17, Qyr.wpg-2A.2, Qyr.wpg-2A.3, Qyr.wpg-2A.4 Helguera et al., 2003; Naruoka et al., 2015 2B 19.2 IWB46564 A/G 2.24-3.46 2. 01-3.74 mv-14, cf-15 pul-13, cf-13, pul-14, cf-14, cf-15, cf-16 Qyr.wpg-2B.1, Qyr.wpg-2B.2, QYrEDWL.par-2BS, QYrEDWL-2BS, QYr.inra-2BS_Renan, QYrst.orr-2B.1_Stephens, QYr-2B_Attila Naruoka et al., 2015; Liu et al., 2017b; Dedryver et al., 2009; Vazquez et al., 2012; Rosewarne et al., 2008 2D QYr. ucw-3B.2, QYr. tam-3B_Quaiu, QYr.cim-3BS.2_Francolin#1, QYr. inr-3BS_Renan, QYr.uga-3BS.1_AGS2000 Maccaferri et al., 2015 Basnet et al., 2014; Lan et al., 2014; Dedryver et al., 2009; Hao et al., 2011 3B 20.1 IWB78861 A/C -1. 91-2.15 -cf-13, cf-16 QYr.ucw-3B.2, QYr. tam-3B_Quaiu, QYr.cim-3BS.2_Francolin#1, QYr. inr-3BS_Renan, QYr.uga-3BS.1_AGS2000 Maccaferri et al., 2015 Basnet et al., 2014; Lan et al., 2014; Dedryver et al., 2009; Hao et al., 2011 4B 75.6 IWB77507 T/C -1. 44-2.79 -cf-13, cf-14, cf-15 QYr.sum-4B_Janz, Yr50, QYr. jic-4B_Guardian Zwart et al., 2010; Liu et al., 2013; Melichar et al., 2008 5A 6.1 IWB22128 A/G -2.26-2.54 -cf-13, cf-15 -- † Chromosome and position of each MTA were based on the hexaploid wheat consensus map . ‡ Tagging SNP for each MTA was selected for the SNP with smallest MTA P-value. § Resistance-associated allele was labeled in underlined text. ¶ PVE indicated phenotypic variance explained by the tagging SNP.
# MTA false discovery rate (FDR) adjusted P-value ≤ 0.1. Each environment was referred to as pul-13, pul-14 and pul-15 for trials at Pullman from the year 2013 to 2015; cf-13, cf-14, cf-15 and cf-16 for trials at Central Ferry from the year 2013 to 2016; and mv-13, mv-14 and mv-15 for trials at Mt Vernon from the year 2013 to 2015, respectively. † † Alignment of MTAs identified in Panel-1 with previously documented QTL. Documented MTAs highlighted in underlined were identified in Panel-2 (Naruoka et al., 2015) . The order of reference followed the order of documented QTL/MTA. fixation in these 25 accessions. The presence of favorable alleles fixed in advanced breeding lines provides opportunity for rapid introgression and pyramiding of resistance genes into new cultivars.
Comparison to Previously Documented Yr Genes/QTL
In Panel-1, GWAS identified 12 MTAs associated with IT at the seedling stage and eight field MTAs that were consistently detected in more than two environments. Cumulative effects of beneficial alleles for field resistance loci were 27.51% for IT and 41.05% for DS, indicating an oligenic or polygenic additive system likely controls stripe rust resistance in PNW wheat.
Using the same GWAS model, four all-stage MTAs and 18 field resistance MTAs were identified in PNW GWAS Panel-2 (Naruoka et al., 2015) . We aligned significant loci identified in Panel-1 to MTAs identified in Panel-2, in addition to many other documented Yr genes (Maccaferri et al., 2015; Bulli et al., 2016) . Three of the 12 all-stage resistance MTAs and six of the eight field MTAs overlapped with previously reported Yr genes. On the other hand, nine allstage resistance MTAs and two field MTAs were located in genomic regions distinct from previously characterized genes and might represent novel Yr loci.
Significant MTAs on chromosome 1B (Panel-1) and Qyr.wpg-1B.1 and Qyr.wpg-1B.2 (Panel-2) overlapped on the short arm of chromosome 1B, and were all detected in the Coda/Brundage RIL population with high LD. Furthermore, these MTAs and Qyr.wpg-1B.2 showed significant associations with races PSTv-11, PST-100 (= PSTv-37) and PSTv-51, whereas Qyr.wpg-1B.1 showed significant associations with only PSTv-51 (Naruoka et al., 2015) . Therefore, this region on chromosome 1B seems to be the ssame , based on race virulence, appears to be a linked QTL in the same region. Previous studies found that seedling genes Yr15, Yr64, 2 also clustered in the 9.7 to 62.6 cM interval of Qyr.wpg-1B.2 and the Panel-1 chromosome 1B region (Gerechter-Amitai et al., 1989; Abdollahi Mandoulakani et al., 2008; Cheng et al., 2014; Liu et al., 2017a Liu et al., , 2017b . Among these six QTL, only Yrdurum-1BS.1, identified from a GWAS of worldwide elite durum wheat population (Liu et al., 2017a) , appeared to be the same as the chromosome 1B region found in Panel-1 and Qyr.wpg-1B.2 identified in Panel-2. These three QTL were associated with seedling response to , and PSTv-51, but not . The other five previously reported QTL showed different reactions to the tested Pst races.
Stripe rust resistance gene Yr17 has been used extensively by PNW wheat breeding programs since the 1980s (Wan et al., 2017) . Yr17 was introduced into wheat chromosome 2AS from Aegilops ventricosa chromosome 2NS. This 2NS/2AS translocation spans approximately half of the chromosome 2AS, and carries leaf rust resistance gene Lr37 and stem rust resistance gene Sr38, both tightly linked to Yr17 (Robert et al., 1999; Seah et al., 2001; Helguera et al., 2003; Milus et al., 2015) . Ventriup-LN2 is a SNP marker located within the 2NS/2AS translocation and should be sufficient to diagnose this large translocated segment because Ph1 prevents recombination between 2A and 2N (Helguera et al., 2003) .
In this study, Ventriup-LN2 for Yr17 was profiled in Panel-1, Panel-2 and the Bitterroot/WA8115 DH population. Qyr.wpg-2A.2 and Yr17, associated with field resistance in Panel-2 (Naruoka et al., 2015) , was located in the large genetic interval of field resistance MTAs on chromosome 2A identified in and Yr17 were both identified in Panel-2, they are clearly different QTL for two reasons: 1) they were located in different LD blocks and 2) Qyr.wpg-2A.2 was associated with IT and DS in more field environments than Yr17 (Naruoka et al., 2015) . The significant association of the Ventriup-LN2 marker at the Yr17 locus with field resistance may be pleiotropic to the Yr17 all-stage resistance gene or may be closely linked on the translocation because all of the races prevalent in the PNW are virulent to Yr17 (see above).
In the DH population, QTL mapping validated the MTAs identified on chromosome 2A, and confirmed that these MTA, Qyr.wpg-2A.2, and Yr17 were located within the same LD block. These results demonstrate that Yr17 is linked to Qyr.wpg-2A.2, and both are included in the genetic region of the MTA found in Panel-1 on chromosome 2A. This finding confirms the hypothesis made by Wan et al. (2017) that one field resistance QTL is linked with Yr17. This hypothesis was based on their observation of much higher Yr17 virulence frequency of Ethiopian Pst races using Yr17 single-gene lines (Wan et al., 2017) compared to using cultivar Rendezvous to represent Yr17 (Dawit et al., 2009 ). Thus, we conclude that Yr17 is tightly linked to another QTL that confers an APR reaction under field conditions.
Qyr.wpg-2B.1 and Qyr.wpg-2B.2 (Panel-2) were identified in the genomic interval of chromosome 2BS (Panel-1) at 9.2 to 56.3 cM. The MTA identified on chromosome 2BS might be Qyr.wpg-2B.1 because markers in these regions were in complete LD (r 2 = 0.89) in Panel-1. However, the relationship between this chromosome 2BS region and Qyr.wpg-2B.2 was unknown because IWA7679 (Qyr. wpg-2B.2) is not polymorphic in Panel-1. Two field resistance QTL (QYrEDWL.par-2BS and QYrEDWL-2BS) were recently identified from a GWAS population of Ethiopian durum wheat landraces and mapped in the same genomic region of on the distal arm of chromosome 2BS (Liu et al., 2017b) . Even though PNW hexaploid bread wheat and Ethiopian durum landraces were isolated from each other for thousands of years, they might carry identical Yr loci on chromosome 2B since they share the same B genome. Moreover, QYr.inra-2BS from French cultivar Renan (Dedryver et al., 2009) , QYr-2B from German cultivar Attila (Rosewarne et al., 2008) , and QYrst.orr-2BS.1 from PNW soft white winter wheat cultivar Stephens (Vazquez et al., 2012) were also in the same genomic regions at MTA found on chromosome 2BS in Panel-1 and Qyr.wpg-2B.1.
Stephens was included in Panel-1, but it carried the susceptible alleles of these MTA and QYr.wpg-2B.1. In addition, Stephens was also included in Panel-2 and carried the susceptible allele of Qyr.wpg-2B.1, but resistant allele of Qyr. wpg-2B.2 (Naruoka et al., 2015) . This result further validates that the MTAs found on chromosome 2BS in Panel-1 is Qyr.wpg-2B.1, but not Qyr.wpg-2B.2.
Three all-stage resistance MTAs were identified in Panel-1 on chromosome 4A. Because no previous studies have reported QTL in the genetic regions of IWB10587 and IWB24173, these two newly identified MTAs might be undocumented Yr QTL. The third MTA on chromosome 4A, IWB48829, overlapped with a QTL that was tagged by IWB31333 and identified from an elite durum wheat association panel (Liu et al., 2017a) . The IWB31333 was associated with seedling responses against US race PSTv-51 and Italian race PSTv-125. However, we tested PSTv-51 on Panel-1 and did not find a significant association between IWB48829 and PSTv-51. Hence, the MTA IWB48829 may represent a new Yr QTL. Yr39 and MTA IWB71444 were co-located in the same position on chromosome 7BL, based on the consensus map . However, IWB71444 is not Yr39. Yr39 confers high-temperature APR inherited from spring wheat Alpowa (Lin and Chen, 2007) , whereas we found IWB71444 associated with PSTv-51 response at the seedling stage, but not the adult stages.
According to the wheat consensus map , the field MTA IWB41670, IWB59748, IWB78861, and IWB77507 reside in genetic regions previously reported to contain QTL (Melichar et al., 2008; Dedryver et al., 2009; Lu et al., 2009; Zwart et al., 2010; Hao et al., 2011; Liu et al., 2013; Basnet et al., 2014; Lan et al., 2014; Maccaferri et al., 2015) . Further investigations, for example, allelism tests, are needed to elaborate and confirm the relationship between these MTAs and previously documented APR QTL. More importantly, these field MTAs are good candidate loci for durable resistance since they were consistently effective in multiple environments. We found two or more genetically linked SNP markers for the majority of these field MTAs ( Supplemental Table 3 ), which will enable breeders to efficiently and accurately saturate these resistance loci into wheat germplasm. These MTAs were characterized from the advanced generations of PNW breeding materials that have improved agronomic traits. Incorporating these resistance alleles into diverse PNW wheat germplasm reduces linkage drag and facilitates adaptation to the local environment and, thus, will be more efficient than using MTAs detected from landraces (Bajgain et al., 2015) .
Cross-Validation of the Identified QTL across Different Populations
The GWAS is a powerful tool that offers insights into the genetic architecture of complex traits in hundredsto-thousands of genotypes and suggests candidate loci for follow-up analysis. Nevertheless, a major concern of GWAS results is incorrectly identifying linked MTAs (Type I error). A prudent method to identify and reduce these errors is to validate the GWAS results using other populations or other mapping methods (Korte and Farlow, 2013; Pasam et al., 2017) prior to using the markers for MAS. We used a second PNW GWAS population (Panel-2), which consisted of more historical PNW winter wheat accessions, and validated the all-stage resistance MTAs on chromosome 1B and field resistance MTAs on chromosomes 2A and 2B. These three MTAs were continuously present in both historical and recent PNW winter wheat accessions. Moreover, the field MTAs IWB24342 and IWB46564 were in complete LD in Panel-1. Thirty-two accessions in Panel-1 carried all three MTAs and exhibited lower disease response through all plant stages. Therefore, these results confirmed that, together, these three resistance loci can provide durable, long-term resistance against Pst races in PNW regions. And, these 32 accessions can serve as resistance donors to simultaneously pyramid three QTL into one single wheat cultivar.
In addition to the GWAS population, we included two bi-parental mapping populations to further dissect the MTA regions of chromosome 1B and 2A. Complementary to GWAS, QTL mapping detected the refined map positions and offered additional and tightly linked genetic markers for these resistance loci, which can benefit future MAS.
Conclusions
Our study used GWAS to identify MTA for stripe rust resistance using recent PNW soft white winter wheat accessions. We further demonstrated the power of combined analysis using LD and classical QTL mapping approaches to validate and characterize the GWAS-identified MTA. Comparison of genomic regions with documented Yr QTL found nine all-stage resistance and two field resistance MTAs located in novel regions and previously unreported. Chromosome regions on 1B, 2A, and 2B were confirmed to be the same QTL identified in a previous GWAS with a more diverse PNW winter wheat panel. Moreover, MTA on chromosomes 1B and 2A were further validated using QTL mapping and found that chromosome 2A contained Yr17 and another QTL tightly linked to Yr17. This study confirmed that MTAs for stripe rust resistance on chromosomes 1B, 2A, and 2B are widely carried by historical and current PNW winter wheat germplasm. The majority of club wheat accessions showed more resistance to Pst races than the common soft white wheat accessions. Germplasm that carry multiple resistant QTL for all-stage and field resistance are promising donor parents to incorporate stripe rust resistance into new wheat breeding lines. Also, haplotype analysis with a set of SNP markers for MTAs on chromosome 1B provides essential information to develop MAS and/or GS methods in wheat breeding programs. Supplemental Table 1 . Virulence/avirulence formula of Puccinia striiformis f. sp. tritici (Pst) races.
Supplemental Information
Supplemental Table 2 . Infection type (IT) and disease severity (DS) of 25 accessions bred by the USDA-APR program against stripe rust at both seedling and adult plant stage in Panel-1.
Supplemental Table 3 . Single nucleotide polymorphisms (SNPs) significantly associated with stripe rust resistance [infection type (IT) and disease severity (DS)] at the seedling or/and adult stages. Supplemental Table 4 . Quantitative trait loci (QTL) for stripe rust resistance in refined Coda/Brundage recombined inbred line linkage map on chromosome 1B. Supplemental Table 5 . Genetic linkage map of chromosome 2A in Bitterroot/WA8115 doubled haploid population.
